Chromogranin A (CgA) is the major soluble protein in catecholamine storage vesicles. To gain insight into its function, we isolated CgA clones from a size-selected A gtlO rat pheochromocytoma complementary DNA (cDNA) library. The longest cDNA insert identified was 2.2 kb and encoded the entire 462-amino acid open reading frame of rat CgA including an 18-amino acid hydrophobic signal peptide. Comparison of rat CgA with the recently published sequences of bovine CgA and human CgA revealed regions of strong homology at the N-and COOH-termini as well as variant areas predominantly in the middle portion of the molecule. Regions highly conserved and therefore suggestive of functional importance included 1) multiple paired basic residues, which may serve as proteolytic processing signals; 2) a region homologous to porcine pancreastatin, a putative modulator of peptide hormone release; and 3) a short hydrophobic disulfide loop region near the N-terminus that may have a role in the targeting of CgA to secretory vesicles. On the other hand, lack of conservation of the membrane attachment sequence arginine-glycine-aspartic acid argues against its functional importance in CgA. In addition, the presence of a unique polyglutamine region in rat CgA points to a possible messenger RNA (mRNA) splice junction. Northern blot experiments demonstrated the presence of an -2.2 kb rat CgA mRNA in a neuroendocrine distribution (adrenal, brain, pheochromocytoma cells, but not skeletal muscle, heart, or kidney). Southern blot studies were consistent with the presence of a single CgA gene within the rat pheochromocytoma cell genome. Finally, comparison of the present rat pheochromocytoma cDNA clones with those recently obtained from normal rat adrenal gland reveals minor but apparently real differences that suggest CgA microheterogeneity. {Hypertension 1989;14:435-444) 
Chromogranin A (CgA) is the major soluble protein in catecholamine storage vesicles. To gain insight into its function, we isolated CgA clones from a size-selected A gtlO rat pheochromocytoma complementary DNA (cDNA) library. The longest cDNA insert identified was 2.2 kb and encoded the entire 462-amino acid open reading frame of rat CgA including an 18-amino acid hydrophobic signal peptide. Comparison of rat CgA with the recently published sequences of bovine CgA and human CgA revealed regions of strong homology at the N-and COOH-termini as well as variant areas predominantly in the middle portion of the molecule. Regions highly conserved and therefore suggestive of functional importance included 1) multiple paired basic residues, which may serve as proteolytic processing signals; 2) a region homologous to porcine pancreastatin, a putative modulator of peptide hormone release; and 3) a short hydrophobic disulfide loop region near the N-terminus that may have a role in the targeting of CgA to secretory vesicles. On the other hand, lack of conservation of the membrane attachment sequence arginine-glycine-aspartic acid argues against its functional importance in CgA. In addition, the presence of a unique polyglutamine region in rat CgA points to a possible messenger RNA (mRNA) splice junction. Northern blot experiments demonstrated the presence of an -2.2 kb rat CgA mRNA in a neuroendocrine distribution (adrenal, brain, pheochromocytoma cells, but not skeletal muscle, heart, or kidney). Southern blot studies were consistent with the presence of a single CgA gene within the rat pheochromocytoma cell genome. Finally, comparison of the present rat pheochromocytoma cDNA clones with those recently obtained from normal rat adrenal gland reveals minor but apparently real differences that suggest CgA microheterogeneity. {Hypertension 1989;14:435-444) C hromogranin A (CgA) is the major soluble protein in the core of catecholamine storage vesicles. 1 Its plasma concentration is increased in patients with essential hypertension as well as in those with pheochromocytoma, and it may be a useful probe of exocytotic sympathoadrenal activity. 2 -4 Its ultimate function remains enigmatic, though the widespread occurrence of CgA in secretory vesicles throughout the neuroendocrine system 5 -11 does suggest an important biological role.
The recent cloning of bovine 12 ; and 4) the tripeptide sequence arginine-glycine-aspartic acid (RGD), 12 -15 a putative cell membrane attachment domain. 22 We therefore examined CgA clones in a rat chromaffin cell cDNA library to gain further insight into these putative functional domains, reasoning that regions of functional importance should be conserved across species. Furthermore, isolation and primary structure determination of a rat CgA cDNA clone would facilitate further structure/function studies both in vitro (in rodent cell lines such as pheochromocytoma' PC-12 UUA CCU GUU AAU UCU CCU AUG AAU AAA GGU GAU ACU GAA GUU AUG AAA UGU AUU GUI GAA GUU AIM UCU GAIT  UUG CCC 6UC AAC UCC CCC  AAC AAG GGC GAC ACC GAG GUC  AAG UGC AUC GUC GAG GUC AUC UCC 6AC  CUU CCA GUA  UCA CCA  GGA  ACA  GUA  AUA GUA  6UA AUA UCA  CUC CCG GUG  UCG CCG  GGG  ACG  GUG  GUG  GUG UCG  CUA  AGU  AGU  CUG  AGC species at the N-and COOH-termini, the midmolecule is markedly divergent from bovine and human clones. The conserved regions represent particularly promising domains for functional study.
Materials and Methods

Complementary DNA Isolation
Based on the N-terminal amino acid sequence of bovine and human CgA, 24 a unique 51-mer oligonucleotide corresponding to residues 6-22, with base sequence predicted by statistical codon usage frequency 25 ( Figure 1 ), was synthesized on an Applied Biosystems 381A automated synthesizer (Appl. Biosystems, Inc., Foster City, California), purified on a 10% polyacrylamide/7 M urea gel, 26 endlabeled with y-32 P-adenosine triphosphate (ATP) (Amersham Corp., Arlington Heights, Illinois) and T 4 polynucleotide kinase (New England Biolabs, Beverly, Massachusetts), 26 and used as a probe to screen a size-selected A gtlO cDNA library made from messenger RNA (mRNA) from the rat pheochromocytoma cell line PC-12, containing lxlO 6 independent recombinants (a gift of Dr. Jim Boulter, Salk Institute, La Jolla, California). Screening was by plaque hybridization after infection of Escherichia coli C600 cells and transfer to nitrocellulose discs as described by Huynh et al. 27 Hybridization was performed for 12 hours at 37° C in 50 mM sodium phosphate, pH 6.8, 5x SSC (lx SSC=0.15 M NaCl, 0.015 M sodium citrate), 5x Denhardt's solution, 1 mM sodium pyrophosphate, 20% formamide, 50 /Ag/ml salmon sperm DNA, and 0.5 x 10 6 cpm/ml of probe at a specific activity of 2xlO 8 cpm/|ig. Filters were washed at 37° C in 1 x SSC, 0.1% sodium dodecyl sulfate (SDS) for 30 minutes three times. Positive plaques were identified by autoradiography and purified to homogeneity by excision from agar, elution, dilution, reinfection, and repeated screenings.
Rescreening of the cDNA library was performed by using a nick-translated 1.0 kb partial length CgA clone (vide infra) at 42° C in 5 x SSC, 5x Denhardt's solution, 50% formamide, 0.5% SDS, 100 Mg/ml salmon sperm DNA, and then followed by three sets of washes: in 2x SSC, 0.5% SDS at room temperature for 15 minutes twice; in O.lx SSC, 0.1% SDS at 50° C for 45 minutes twice; and in 0.1 x SSC at room temperature for 15 minutes twice. As above, positive plaques were identified by autoradiography and purified by repeated screening.
DNA Sequencing
Inserts identified by library screening were subcloned into the £coRI site of the phagemid 28 vectors Bluescript KS+ and K S -(Stratagene Inc., La Jolla, California). After phagemid linearization, a series of timed deletions 29 was generated with exonuclease III and S! nuclease (Erase-A-Base, Promega Corp., Madison, Wisconsin) followed by religation. Single-stranded DNA was isolated after growth of transformed E. coli BSJ72 [JM 101 (hsdA5, A r , sm')] in the presence of helper phage M13K07 (both host cells and helper phage obtained from S. Henikoff, Seattle, Washington) using methods previously described. 28 Sequencing was performed by the method of Sanger et al 30 
Northern Blot Analysis
Total cellular RNA was isolated from PC-12 cells and rat tissues by using guanidinium isothiocyanate and centrifugation through 5.7 M cesium chloride as described in Davis et al. 31 Fifteen micrograms total RNA from each tissue was electrophoresed through a 1% agarose, 0.66 M formaldehyde gel and transferred to nitrocellulose. Hybridization was performed with use of the nick-translated 32 P-1.0 kb cDNA insert as probe at 42° C in 0.02 M Tris-Cl, pH 7.4, 5x SSC, 5x Denhardt's solution, 0.5% SDS, 50% formamide, and 100 /ig/ml salmon sperm DNA. Washes were performed by using the following solutions and conditions: 2x SSC, 0.5% SDS at room temperature for 15 minutes twice; 0.1 x SSC, 0.1% SDS at 50° C for 45 minutes twice; O.lx SSC at room temperature for 15 minutes twice.
Southern Blot Analysis
Genomic DNA was prepared from PC-12 cells after lysis in guanidinium isothiocyanate buffer and centrifugation through 5.7 M cesium chloride as described in Davis et al. 31 Fifteen micrograms of DNA was digested with either BamHI or Pstl, electrophoresed through a 0.8% agarose gel, and transferred to nitrocellulose. Hybridization was performed using a 
Results
Library Screening
Initial screening of 4x 10 4 plaques from the A gtlO PC-12 cDNA library with the 51-mer oligonucleo- tide probe resulted in the identification of five positive clones whose inserts, as determined by EcoRl digestion, ranged in size from 0.3 to 1.0 kb. Partial DNA sequencing of the 1.0 kb insert revealed that this clone contained a region encoding the known N-terminus of CgA but was not full length. Therefore, the library was rescreened (approximately 8x10" plaques) by using the nick-translated 1.0 kb insert as a probe. This resulted in identification of numerous (=120) additional positive clones from which 14 were picked and evaluated. EcoRl restriction analysis showed that the longest insert from these clones was 2.2 kb.
Nucleotide and Deduced Amino Acid Sequence of Rat Chromogranin A Complementary DNA
The nucleotide sequence of the 2.2 kb cDNA insert was obtained as illustrated in Figure 2 . The insert is 2,124 bp long (not including the 68 bp poly A tail) and contains an open reading frame of 1,389 nucleotides from the ATG initiation codon beginning at base 403 to the in-phase termination codon TGA at bases 1,788-1,791. The 3'-untranslated region contains 333 bp, which include the polyadenylation signal AATAAA at bases 2,102-2,107. Sequence analysis of bases 110-389 revealed that this 280 bp region represents an inverted repeat of bases 1,640-1,919, consistent with a cloning artifact in the 5' noncoding region. 32 - 34 The nucleotide sequence from just beyond this inverted repeat to the 3'-end along with the deduced amino acid sequence for rat CgA are shown in Figure 3 . The open reading frame encodes 462 residues including an 18-amino acid hydrophobic signal peptide. The deduced rat CgA sequence after signal peptide cleavage and without posttranslational modifications has a calculated molecular weight of 49,686 and an estimated pi of 5.45.
Structural Characteristics of Rat Chromogranin A
A hydropathy plot according to Kyte and Doolittle 35 ( Figure 4) shows that with the exception of the signal peptide and a relatively short hydrophobic region near the mature N-terminus, rat CgA is an extremely hydrophilic protein, which is con- sistent with its relatively high percentage of charged residues (Table 1 , vide infra). The amino acid sequence includes several potential sites for posttranslational modifications. These are shown schematically in Figure 5 . There are 10 paired basic amino acid sites, which may represent sites for proteolytic processing. Two consensus sequences for N-linked glycosylation (NXS, NXT) 36 are present at positions 103-105 and 171-173. In addition, there are 10 sites with consensus sequences for cyclic adenosine monophosphate (cAMP)-dependent protein kinase phosphorylation 37 -39 : serine residues at positions -15, 50,129,198, 331, 340, 368, 390, 391, and 395. No consensus sequences appear for tyrosine sulfation 40 or for tyrosine phosphorylation. 41 Other notable structural features present in rat CgA include cysteine residues at positions 17 and 38, several oligoglutamic acid regions (residues 212-217, 219-224, and 322-328), and a region containing 16 consecutive glutamine residues (positions 74-89). Figure 6 compares the amino acid sequence of rat CgA with the recently reported sequences for bovine CgA 12 -14 and human CgA. 15 There is high degree of homology across all three species at the N-and COOH-termini. Regions that are not well conserved are present predominantly in the middle portion of the molecule. Overall homology is somewhat better for rat CgA compared with human CgA than for rat CgA compared with bovine CgA ( Figure  7 ). Notable regions that are locally conserved in all three species include the two cysteine residues at positions 17 and 38, seven of the 10 dibasic sites present in rat CgA including the six carboxy-most dibasic sites, and the oligoglutamic acid region at 20 and rat /3-granin (rfiGr). 42 Numbers on right indicate rat CgA residues as shown in Figure 3 . **Indicates paired basic residues in rat CgA. The overall amino acid composition of CgA is similar in the three species (shown minus signal peptide, Table 1 ) including the conservation of a high percentage of acidic (glutamic acid plus aspartic acid) residues (22.5%, 24.1%, and 24.6% for rat, bovine, and human CgA, respectively). A notable difference in composition occurs in the case of glutamine where the higher number in rat is the result of the unique string of 16 repeated glutamine residues at positions 74-89, a finding not present in bovine or human CgA. Figure 6 also demonstrates that the N-terminus of rat CgA is identical to the known N-terminal amino acid sequence of rat /3-granin, a 20,000 Da polypeptide isolated from pancreatic /3-cells. 42 
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Relation to Rat /3-Granin
Other Protein Similarities
Computer search through PIR and NEWAT data bases retrieved several proteins with amino acid sequences similar to rat CgA. Further inspection demonstrated that the similarities occurred as a result of either the oligoglutamic acid regions or the string of consecutive glutamine residues. Examples of proteins with consecutive glutamic acid residues included trout high mobility protein (Glu=25), yeast ubiquinol cytochrome c reductase (Glu=6), rat prothymosin a (Glu=5), pig neurofilament triplet L protein (Glu=4), mouse and human transforming protein fos (Glu=4), yeast heat shock protein (Glu=4), bovine microglutamic acid-rich protein (Glu=4), and human Alzheimer's disease amyloid A4 protein precursor (Glu=4). Examples of proteins with consecutive glutamine residues included fruit fly notch protein (Gln=31), wheat o//3 gliadin precursor (Gin=18), mouse interleukin 2 precursor (Gln=12), fruit fly specific body pattern development protein (Gln=ll), human and cat transforming protein myc (Gin=5), and castor bean seed storage proteins, small and large chains (Gin=4). It is unclear that any functional implications can be drawn from this analysis.
Tissue Distribution of Rat Chromogranin A Messenger RNA
Northern blot experiments (Figure 8 ) revealed the presence of an =2.2 kb CgA mRNA in rat neuroendocrine tissues including adrenal gland, PC-12 cells, and to a limited degree, brain, but not in skeletal muscle, heart, or kidney. 
Southern Blot Analysis of Genomic DNA
Southern blot analysis of PC-12 cell genomic DNA digested with BamYU. and Pstl is shown in Figure 9 . Hybridization with a 995 bp Pstl rat CgA cDNA fragment produced a single prominent band for both restriction endonucleases, consistent with the presence of a single CgA gene within the PC-12 genome.
Discussion
The widespread occurrence of CgA throughout the neuroendocrine system 5 17 and the tripeptide sequence RGD. 1215 The present report of an isolate from a rat pheochromocytoma cDNA library that encodes the full length of rat CgA provides further insight into these putative functional domains.
One potential function of CgA is that of a prohormone. The present findings show conservation of multiple paired basic residues (particularly in the COOH-terminus), which may represent potential sites for proteolytic processing.
Recent observations 15 ' 16 -18 ' 19 have demonstrated homology between CgA (from both bovine and human sources) and porcine pancreastatin, a pep-tide that inhibits glucose-mediated insulin secretion and somatostatin secretion from the endocrine pancreas. 20 -21 This homology persists for rat CgA as well and supports the view that the differences in amino acid sequence (comparing CgA with pancreastatin) may represent interspecies variation and that pancreastatin is a proteolytic fragment of CgA. 15 The region of rat CgA that is homologous to porcine pancreastatin is flanked 4-7 residues distant on either side by paired basic residues (KK at positions 254-255, and RK at positions 318-319), which could mediate proteolytic cleavage of pancreastatin from the parent CgA molecule. This idea is further supported by the recent cloning of a porcine CgA cDNA that contains in its deduced amino acid sequence a region identical to porcine pancreastatin. 43 It remains to be demonstrated that pancreastatin is processed from CgA.
In addition, our studies show that the N-terminus of rat CgA is identical to the known N-terminal sequence of /3-granin, a 20,000 Da protein found in rat insulin secretory granules. 42 This supports the idea of Hutton et al 44 -47 that /3-granin is a proteolytic fragment of CgA, perhaps by cleavage of rat CgA at dibasic processing sites.
CgA is an extremely hydrophilic protein with the exception of two hydrophobic regions that are well conserved in all three species. In addition to the 18-residue signal peptide, a short hydrophobic stretch occurs in the region of the two cysteine residues at positions 17 and 38 near the N-terminus. Studies by Benedum et al 48 suggest that these cysteine residues participate in a disulfide loop. The conserved hydrophobic character of this region, given the otherwise quite hydrophilic quality of CgA, may suggest that this domain interacts with Golgi membranes during targeting of CgA to secretory vesicles. 49 A putative N-terminal disulfide loop is also found in chromogranin B. 48 CgA binds calcium in vitro, 9 17 Helman et al 16 human CgA, also may represent a chance occurrence. In this regard, a recent computer search through the protein data base NEWAT revealed that the RGD sequence occurred in 70 instances and that the vast majority of the proteins identified were not involved in attachment to cell surfaces. 55 In addition, we have found that purified bovine CgA is unable to compete with synthetic RGD peptides for the RGD attachment domain 22 on intact cells (D.T. O'Connor and M.D. Pierschbacher, unpublished observations), further arguing against such a functional domain for CgA.
While this manuscript was in preparation, Iacangelo et al 56 reported the sequence of a CgA cDNA isolated from a normal rat adrenal plasmid library. Our rat CgA sequence results differ slightly from their results. The principal difference is the length of the polyglutamine region beginning at position 74. Whereas Iacangelo's cDNA isolate encoded 20 repeating glutamine residues, ours encodes 16. This difference could represent allelic variation, an alteration associated with neoplastic tissue (PC-12 pheochromocytoma cells), or perhaps be the result of possible sequencing errors or cloning artifacts. However, in addition to our 2.2 kb clone encoding 16 glutamine residues, another of our cDNA isolates (the 1.0 kb partial length clone) encoded precisely 19 consecutive glutamine residues in this region ( Figure 11 ). Although overall these may appear to be minor differences, their occurrence suggests CgA microheterogeneity, especially since two of these three different cDNAs are from the same clonal PC-12 cell line. Our Southern blot data ( Figure 9 ) are consistent with a single CgA gene (locus) within the PC-12 genome. Therefore, CgA microheterogeneity may be the result of different genomic alleles or possibly differential mRNA splicing. Since the polyglutamine area represents a major interspecies divergence in the CgA sequence (Figure 6 ), perhaps this region contains a splice junction in CgA mRNA. Characterization of an appropriate genomic CgA clone would clarify this issue. In summary, we have isolated and sequenced a cDNA from a rat pheochromocytoma cDNA library that encodes the full length of rat CgA and provides insight into putative functional domains. Thus, CgA may function as a prohormone with multiple processing sites capable of yielding multiple peptides including pancreastatin and )3-granin. In addition, the results raise questions about CgA mRNA splicing, mechanisms of CgA targeting to secretory vesicles, and the possibility of CgA microheterogeneity. The cDNA isolated in this report should allow further investigation of these areas in cultured rodent secretory cells, such as the chromaffin cell line PC-12.23
